Based on the experimental results presented in Part I of this research, a threeparameter nonlinear constitutive model has been proposed to describe the strain rate and temperature dependent tensile behaviors of unfilled and talc-filled polypropylene. One of the parameters is the elastic modulus. The other two parameters in this model are a strain exponent, m, and a compliance factor, p. Their relationships to strain rate and temperature are obtained from the experimental results. The simulated stress-strain cumes from the model are in good agreement with the test data. The analysis of the model shows that the strain exponent rn, which controls the strain softening (or hardening) effect of the material, is not only strain rate independent, but also temperature independent. The compliance parameter, 6, which controls the flow stress level of the material, on the other hand, varies with both strain rate as well as temperature. Results also show that the addition of talc filler in polypropylene reduces the strain exponent m, and increase the compliance parameter, p, which reduces the flow stress level of talc-filled polypropylene to lower than that of unfilled polypropylene.
INTRODUCTION
echanical behavior of semicrystalline thermoplas-M tics and their composites has been the subject of numerous studies over the last few years. The majority of these research efforts have relied on experimental techniques to understand the deformation characteristics of these materials. For example, Hartmann et d (1) reported the tensile yield in polypropylene at different temperatures. Arruda et aL (2) examined the deformation characteristics of semicrystalline polypropylene under compressive load at different strain rates.
On the other hand, computer simulations are now used extensively to predict the response of complex structures to mechanical and thermal loads. In order to obtain realistic results from these simulations, constitutive equations are needed that can describe the stress-strain behavior of polymers over a range of strains, strain rates and temperatures. Several recent studies have attempted to formulate an accurate constitutive relationship for semicrystalline polymers. For example, GSell and his co-workers (3) have proposed a four-parameter constitutive equation based on tensile test results of round extruded polypropylene specimens. Their constitutive equation utilizes effective stress and effective strain and is applicable to strain hardening characteristics of the polypropylene investigated. Amoedo et al. (4) established a nonlinear viscoplastic model to predict the strain rate and temperature dependent strain hardening behavior of both amorphous and semi-crystalline polymers. Kitagawa et al. (5) have used the overstress theory, originally proposed for metals, to simulate the torsional stressstrain characteristics of polypropylene; however, this theory is applicable provided the current strain is not below the maximum previous strain, i.e, for strainhardening materials. Zhang et al. (6) presented two unixial constitutive models to characterize the mechanical response of high-density polyethylene. One of them is based on the overstress theory, while the other is a nonlinear viscoelastic model based on a spring in series with six Kelvin spring-dashpot combinations. The parameters in their second models are determined using creep tests.
Experimental results presented in Part I of this research (7) show that both unfilled polypropylene and talc-filled polypropylene are typical strain rate and temperature dependent materials. In the present paper, a three-parameter nonlinear constitutive model will be established to describe the strain rate and temperature dependent tensile behavior of semi-crystalline Yuamin Zhou and P. K . Mallick polymers. The constitutive model is then applied to unfilled polypropylene and talc-filled polypropylene to predict their tensile stress-strain behavior. It is shown that the proposed model can be used to predict both strain hardening and strain softening characteristics of polymers.
CONSTITUTIVE E$UATION
Many polymers exhibit nonlinear stress-strain characteristics at stress levels that are lower than the yield strength. The degree of nonlinearity in the stressstrain characteristics depends on both strain rate and temperature. Furthermore, the post-yield behavior may be either strain-hardening, strain-softening or strain-neutral type. On unloading, there is a permanent deformation, which may also be time and temperature dependent. In the proposed constitutive model, the total strain is assumed to be composed of an elastic part and an inelastic part,
where, E, and .si represent the elastic and inelastic strains, respectively. The elastic strain is assumed to be path-independent and related to the elastic modulus of the material. It is expressed as
where, E i s elastic modulus of the material, which is a function of both strain rate and temperature, and u is the stress. The inelastic strain, E~, is assumed to be a function of both stress and strain in the following way
where P represents a compliance function, which depends on both strain rate and temperature, and rn is a strain exponent. Substituting Eqs 2 and 3 into Eq 1 and rearranging, we obtain
From Eq 4, the slope of the stress-strain diagram at any strain E can be written as
At relatively small strains, E p P Q 1 and, from Eq 4,
At relatively large strains, E p P S 1 and Eq 4 can be simplified as Note that when m is less than 1, the polymer behaves as a strair-hardening material and when rn is greater than 1, the polymer behaves as a strain-softening material. When rn = 1, the slope of the stress-strain diagram becomes zero and the polymer is strain neutral, i.e., it is neither strain-hardening, nor strair-softening. Thus, Eq 4 can be used to describe either a strainhardening, strain-softening or strain-neutral behavior by adjusting the value of the strain exponent m Figure 1 shows schematic stress-strain curves with rn > 1, rn < 1 and rn = 1. It can be observed in this figure that rn not only affects the shape of stressstrain curves, but also the flow stress level. The flow stress level increases with increasing rn The effect of the compliance factor, p, on stress-strain curves is shown in Flg. 2. The flow stress level decreases with increasing p.
. METHOD OF DETERMINING PARAMETERS IN THE CONSTITUTIVE EQUATION
To determine the material parameters in the constitutive equation, Eq 4 is rewritten as follows
which, on taking log on both sides, transforms into
In ---= l n p + r n l n~ directions. It was observed that both materials are temperature and strain rate sensitive. Both exhibited nonlinearity at stress levels that were lower than the yield strength and decreasing stress level with increasing strain after yielding. The post-yield behavior of these materials can be termed strain-softening. To confirm this behavior, two specimens were first loaded beyond yielding, then unloaded and immediately reloaded until failure occurred. These tests were conducted at 21.5"C and 0.05 mir-l . The loading-unloading-reloadmg curves are shown in Fg. 3. In the case of polypropylene, the specimen was unloaded when the strain reached 10%. The unloading took place along a linear path; however, the unloading modulus is 87.5% lower than the initial elastic modulus. The reloading of the polypropylene specimen did not take place along the unloading path and the reloading path was more nonlinear than the initial loading path. The stress-strain diagram of the reloaded specimen did not merge with the initial stressstrain diagram at the unloading point: however, it did show that the material had strain-softened. Similar strain-softening was also observed for talc-fdled polypropylene: however, in this case, the difference between the unloading modulus and the i n i t i a l modulus is significantly less and the reloading path was very close to the unloading path. Tables 1 and 2 , it c a n be observed that the strain exponent rn of unfilled polypropylene is greater than that of talc-filled polypropylene, but the compliance factor p of unfilled polypropylene is less than In the above equations, reference strain rate and temperature are assumed to be 0.05 mir-' and 21.5"C, respectively. Substituting for elastic modulus E, compliance factor p and strain exponent m in Eq 4, the simulated stress-strain plots in the flow (L) direction are drawn as shown in Figs. 10 and 11, and they seem to fit the experimental data very well. The simulated stress-strain plots normal to the flow (W) direction (not included here) also show a very good agreement with the experimental data. (b) Talc filler decreases the strain exponent r n and increases the compliance factor, p, which results in the flow stress level of 40 w O h talc-filled polypropylene being lower than that of unfilled polypropylene.
ANALYSIS OF THE EXPERIMENTAL RESULTS
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